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In  the  course  of  studies  on  the  antimicrobial activity  of  various tissue 
preparations,  it  was  noted  that  extracts  of  erythrocytes had  an  inhibitory 
effect on Gram-negative bacteria under certain conditions in dtro. The present 
communication  gives evidence that this is a bactericidal reaction due to hemo- 
globin. Several features of the interaction between hemoglobin and susceptible 
bacteria are also described. 
Materials and Metkods 
Unless otherwise stated in the text,  the microbiological tests were performed in 0.02 ~¢ 
citric add-sodium citrate buffer pH S.0  a. In this buffer system, Gram-negative organisms 
survived with no appreciable change in numbers for several hours of incubation  at 38°C. but 
Gram-positive bacteria were rapidly killed. All buffer solutions were sterilized by autoclaving 
1S pounds 20 minutes. Distilled water was obtained from a Barnstead steam still equipped 
with blocked tin liner and taps. Vinyl plastic trays (disposo-tray, Linbro Chemical Co., Inc., 
New Haven) containing a series of cup-shaped depressions  holding approximately 3 ml. of fluid 
were used for the assays. The trays were cleaned by soaking in 95 per cent ethanol and rinsing 
well in distilled water; after drying, individual trays were placed in plastic dishes with lids and 
the whole assembly sterilized by ultraviolet irradiation.  Serial twofold dilutions of the test 
material in CAC buffer  1 were made in the plastic cups in 0.5 ml. amounts. 
Stock cultures of bacteria were maintained by monthly transfer in penassay broth (Difco). 
For the tests 18 hour subcultures in penassay broth were diluted to 4 X  10  --s in CAC buffer; a 
drop of 0.02 ml. (containing approximately 200 viable organisms) was delivered into each cup 
of the dilution series from calibrated glass dropping pipettes. 
The contents were mixed by rotation of the tray and incubated in a 38°C. hot room for 1 
hour; at the end of this period, each cup was filled with penassay agar held at 45°C. in the 
fluid state.  After solidification the trays were incubated at 38°C. for 18 hours. The titer of 
antibacterial activity was read as  the least concentration of material in which the number 
of bacterial colonies was less than 50 per cent of the number in control cups (containing only 
CAC buffer and inoculum, followed by agar). 
Twice crystallized bovine hemoglobin (Nutritional Biochemicais Corp., Cleveland) was 
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x  The 0.02 x~ citric acid-sodium citrate buffer pH 5.0 will be hereafter referred to as CAC 
buffer. 
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used for most of the investigations, and is hereafter referred to as hemoglobin 2 X  C. The 
source of other samples is detailed in the text. Stock solutions of 5 reg./m1, of these materials 
were made up weekly in physiological saline or in 0.05 -  mixed phosphate buffer pH 7.5. These 
solutions were held at 0--4°C., and for each day's tests were diluted to the working range of 
concentration in CAC buffer. 
RESULTS 
A  single strain of g. coli (strain K12)  was used as a  standard of reference 
throughout; it was regularly inhibited in the test system by 0.1 to 0.2 gg./mi. 
hemoglobin 2 X  C. Certain essential  characteristics of the antibacterial reaction 
were determined with this strain. 
TABLE I 
The E~e~ of pH on Honoelobin Adg~ity 
pH 
4.0 
4.5 
5.0 
5.5 
6.0 
6:5 
7.0 
Minimum concentration of hcxaoglobln 
for 50% killing 
~z./mL 
<0.04* 
0.04 
0.09 
6.25 
50.0 
>50.0 
>50.0 
* The bacterial inoculum in the control cup of buffer was reduced by 20 per cent. In all 
other buffers there was complete survival. 
Tke Effect of pH and Molarity  of tke Buffer System on tke Antibacterial Activ- 
ity of Hemogtogin.-- 
The  antibacterial activity of hemoglobin 2  X  C  was studied in a  series of 
0.02 m  citric acid-sodium citrate buffers prepared over the pH range 4.0-7.5. 
The results (Table I) were markedly affected by pH; hemoglobin had no detec- 
table activity at pH 6.0 and above. However,  in buffer systems of this type 
changes in pH also bring about alterations in ionic strength;  the reduction in 
hemoglobin activity could thus be due to either of these factors or to a  combi- 
nation of the two. 
The effect of pH alone was determined using constant ionic strength buffers 
(1) at pH 5.0, 5.5, 6.0, and 6.5. 
Hemoglobin 2 X  C was diluted to a concentration  of 100 #g./ml. in each buffer; the pH was 
checked with the glass electrode and adjusted when necessary with dilute NaOH or HC1; 2 
ml. of each solution was dialyzed twice against 100 ml. of the appropriate buffer at 0°C. for 
12 hours. After dialysis, each sample was diluted serially  from 2.5/~g./ml. in the corresponding 
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The results in Table II show the sharp dependence of the reaction on pH 
alone, the inhibitory activity being markedly reduced or abolished above pH 5. 
The effect of ionic strength on the antibacterial  action of hemoglobin was 
determined as follows. 
Citric add-sodinm citrate buffers were prepared over the range of 0.2 to 0.003 M, each at 
pH 5.0. Hemoglobin  2 X C was diluted in each to an initial concentration of 100 #g./ml. for 
buffers of greater than 0.025 M  and to 2.0 #g./ml. for those of lower molarity. Serial dilutions 
were made in each buffer through 11 cups; a control cup containing 0.5 ml.  of each buffer 
without hemoglobin was included. 
TABLE II 
The E.~ect of t~H on Hemoglobin Activil, 
pH 
5.0 
5.5 
6.0 
6.5 
, in Constant Ionic Strength Buffer Systems 
Minimum concentration of hemoglobin 
for 50 per cent killing 
gg./ml. 
0.1 
>2.5 
>2.5 
>2.5 
TABLE  HI 
The Eject of BuJer Molarity on Hemoglobin Activity 
Molsrity of buffer  Minimum concentration of hemoglobin 
for 50 per cent killing 
0.2 
0.1 
0.05 
0.025 
0.012 
0.006 
0.003 
~g./ml. 
>100 
loo 
6.25 
0.09 
o.o6 
0.03 
O.Ol 
The results  (Table HI) show that hemoglobin activity was closely related 
to molarity; the lower the molarity, the greater was the antibacterial effect. 
The effect of ionic strength in a medium of constant pH and buffering power 
was studied by incorporating various concentrations of a  neutral salt (sodium 
chloride)  into CAC buffer. The results presented  in Table IV show that the 
antibacterial action of hemoglobin was progressively reduced as the concentra- 
tion of sodium chloride in the medium was increased. 
The possibility that the effect of sodium chloride might be on the osmolarity 
of the buffer rather than on ionic strength was excluded by the demonstration 
that the addition of 0.25 ~  glucose to the test medium did not affect the anti- 
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The Antibacterial Activity of Hemoglobin in Various Buffer Systems.-- 
0.02 ~  solutions of sodium lactate,  oxalate, succiaate,  and acetate were adjusted  to pH 
5.0 with 0.02 ~ solutions of the corresponding acids. Dibasic and monobasic sodium phosphate 
were similarly mixed to give a buffer solution of 0.02 m pH 5.0. Hemoglobin 2 X  C was diluted 
in each buffer and in CAC to an initial concentration  of 25 #g./ml.; serial twofold dilutions 
through 11 cups were made in each, and a control  cup containing buffer alone was included. 
The standard bacterial inoculum, in CAC buffer was then added. 
The end points of hemoglobin activity were identical in citrate, lactate, suc- 
cinate, and phosphate buffer (0.1/zg./ml.); in acetate, the activity was reduced 
fourfold. The numbers of bacteria surviving in each buffer control were approxi- 
mately equal. These tests were repeated with the addition of 100/~g./ml. diso- 
dium  ethylenediaminetetraacefic  acid  to  each buffer;  the  activity  in acetate 
was then enhanced fourfold but there was no change in end point in the other 
systems. 
TABLE IV 
The Effect of lanic Strength an Hemoglobin Activity 
Sodium chloride content of buffer  Minimum concentration  of hemoglobin 
Omohrity)  for 50 per cent killing 
0 
0.003 
0.006 
0.012 
0.025 
0.05 
0.1 
0.2 
0.1 
0.1 
0.4 
0.4 
3.1 
6.25 
12.5 
>25.0 
Glucose  0.25 ~  0.1 
The Influence of Various Changes in the Bacterial lnoculum on the Activity of 
Hemoglobin.-- 
E.  coli  K12  derived  from a  stock culture 4  weeks old  or from subcultures 
incubated  for  1  and  2  days proved equally  susceptible  to hemoglobin when 
comparable numbers of viable organisms were inoculated in the test system. 
E. coli K12 was subcultured serially on each of 3 days in penassay broth and 
in a chemically defined minimal medium (2). The final cultures in each medium 
were diluted in CAC buffer to give comparable numbers of viable organisms in 
the test. The concentration of hemoglobin needed to inhibit the culture grown 
in synthetic medium was eightfold greater than for the culture grown in penas- 
say broth. 
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preparing the bacterial inoculum was changed; the standard culture of E. coli 
K12 diluted to 4  X  10  -6 in CAC buffer was regularly inhibited by 0.1 #g./ml. 
hemoglobin, but a  comparable inoculum prepared from the same culture by 
dilution in distilled water was not inhibited by 2.5 #g./ml. in a replicate row of 
hemoglobin dilutions. This effect was investigated further. 
Ten replicate rows of hemoglobin dilutions from 100 to 0.1/~g./ml. were prepared in CAC 
buffer. From an 18 hour penassay broth subculture of E. coU K12, dilutions to 4 X  10  -a were 
made in various fluids. Each final bacterial suspension was used immediately after preparation 
to inoculate one row of hemoglobin dilutions. 
TABLE V 
The Eject on Hemoglobin Aaivity of the Menstruura  Used for Bacterial Dilution 
Minimum concentration 
Bacterial dilution (4 X 10-t) in:*  of hemoglobin  for 
s0% killing 
Distilled water  ................................................ 
5.0 per cent glucose in water ................................... 
0.01 "  "  albumin  "  "  ................................... 
Physiological saline solution .................................... 
Acetic acid-Na acetate 0.02 ~t pH 5 ............................. 
CAC 0.02 u pH 5 ............................................. 
CAC 0.1 M pH 5 .............................................. 
Sodium phosphate 0.05 M pH  7.5 ............................... 
(EDTA)~ 0.1 mg./mL in water ................................. 
Penassay broth pH  7.4 ....................................... 
~./mL 
>100 
>100 
>100 
>100 
>100 
0.1 
0.1 
0.4 
0.1 
0.1 
* None of these materials was antagonistic in the standard bactericidal test, with 0.02 ml. 
of solution added to each cup. 
:~ Ethylenediaminetetraacetic acid. 
The results are shown in Table V. When  bacteria  were diluted in menstma 
possessing  metal-binding  capacity,  they  were  then  susceptible  to  hemoglobin 
killing. In contrast, bacteria diluted in untreated distilled water or in menstrua 
with no chelating power were unaffected by hemoglobin. None of the diluting 
menstrua  was  antagonistic  to  hemoglobin  when  added  to  the  standard  test 
system. 
The relationship between size of the bacterial inoculum and inhibitory activ- 
ity of hemoglobin was studied in the following manner. 
From an 18 hour subculture of E. coli K12, serial tenfold dilutions from 10  -1 to 10-z were 
made in CAC buffer; 0.02 ml. of each bacterial dilution was inoculated into 0.5 ml. of CAC 
buffer alone, and also into buffer containing 0.03 or 0.5 #g./ml. hemoglobin 2 X  C. After incu- 172  ANTIBACTERIAL  ACTMTY  O~F  HEMOGLOBIN 
bation at 38°C. for 1 hour appropriate dilutions in bufferwere made from each cup, and incor- 
porated in penassay agar pour plates. The numbers of surviving bacteria were counted. 
The results (Table VI) show that approximately 50 per cent killing resulted 
from exposure to  0.05  #g./ml.  hemoglobin, and 99 per cent killing from 0.5 
#g./ml. hemoglobin regardless of the size of the bacterial inoculum. 
TABLE VI 
The Effect of the Size of the Bacterial Inoculum on Hemoglobin Activity 
Bacterial inoculum 
(No. of bacteria per cup) 
2.2 X  l0  s 
2.8X 104 
1.5 X  10  ~ 
1.4 X  102 
14 
Percentage of bacterial inoculum killed by incubation with: 
0.05 ~g./ml. hemoglobin 
54 
57 
53 
57 
50 
0.5 ,ag./ml. hemoglobin 
95 
99 
99.5 
100 
100 
TABLE VII 
T~e Effect of Time and Temperature on Hemoglobin Activity 
Temperature of incubation  Time of incubation  Miaimum concentration of  hemoglobin for 50 per cent killing 
*C. 
38 
m~. 
0 
5 
10 
20 
30 
4O 
50 
60 
~,g./mt 
>2.5 
1.25 
0.6 
0.6 
0.3 
0.1 
0.1 
0.1 
28  60  >2.5 
0  60  >2.5 
The Kinetics of Hemoglobin Activity.-- 
Three replicate rows of hemoglobin dilutions were prepared and were left for 15 minutes to 
reach temperature equilibration at 38, 28, and 0°C. Each row was inoculated with E. coli K12 
and immediately returned to its original temperature for 1 hour. Agar was then added to each 
row immediately after it was removed from its environment. 
The results (Table VII) show the marked temperature dependence of hemo- 
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38°C., while no effect was evident on the organisms in tests kept at room tem- 
perature or at 0°C. Since all specimens were incubated at 38°C. after the addi- 
tion of melted agar, it became evident from this and following experiments that 
agar promptly terminated  the antibacterial  activity of hemoglobin. 
In a  separate  experiment, eight  replicate  rows of hemoglobin dilutions were inoculated 
with E. coli K12 and incubated  at 38°C. Agar was added to the first row immediately  after 
inoculation, to the second row after 5 minutes, and to the succeeding rows after increasing 
periods of incubation. No difficulty was encountered with the "gelling" of agar at 38°C. 
TABLE VIII 
The Lethal Activity of Hemoglobin against Various Enteric Bacteria 
Minimum concentration 
Bacterial species  Strain designation  of hemoglobin for 
50 per cent killing 
Escherichia coli 
Salmonella typhimurium 
Salmonella manhattan 
"  dublin 
"  enteritidis 
Shigdla sonnei 
Klebsiella pneumoniae 
Proteus ~ulgaris 
"  morgani 
K12 
28B2 
235L+ 
235L  -- 
R 
R1A 
SRll 
1404 
M206 
s2/446 
s2/R 
~,&./ral. 
0.1 
0.2 
0.1 
0.1 
0.1 
0.I 
0.6 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
>2.5 
>25 
>25 
>25 
The results (Table VII) show that the reaction was rapid and was virtually 
completed within 30 minutes. 
The time  and  temperature  features  of the  interaction,  and  the  absence  of 
bacterial  recovery and  growth  in  a  medium  containing  agar  thus  indicated 
clearly that the effect of hemoglobin on E. coli K12 under these conditions was 
bactericidal  rather  than  bacteriostatic. 
The Range of Activity of Hemoglobin.- 
Table VIII shows the relative sensitivity of various species of Gram-negative 
organisms. It was not possible to test Gram-positive bacteria in this buffer sys- 174  ANTIBACTERIAL  ACTMTY  OF  HEM~OGLOBIN 
tem, nor did hemoglobin have any activity (as measured by E. coli K12) at 
higher pH levels at which Gram-positive species could survive. 
The following points may be noted. The strains 235L+ and 235L--  (kindly 
provided by Dr. G. T. Barry) are respectively positive and negative for a labile 
surface antigen associated with colominic  acid (3); both strains were equally 
sensitive. The strain coli R was fully rough, but was as sensitive as the smooth 
1{12 strain. Strain 28B2 of E. coli was known to be resistant to properdin (4), 
but was fully sensitive to hemoglobin.  Salmonella typhimurium SR11 was of 
high mouse virulence, whereas strain R1A was of very low virulence (5) (these 
strains were kindly provided by Dr. H. A. Schneider); the virulent member was 
slightly more resistant  to hemoglobin,  but in  other  similarly  paired  strains 
($2/446 and  S2/R [Hobson (6)],  1404  and  M206) the virulent member was 
no less sensitive than the avirulent. 
The Antibacterial Effect of Various  Hemoglobins and Derivatives.-- 
In view of the marked bactericidal activity of very low concentrations, of 
hemoglobin,  it seemed unlikely that the active principle could be a contaminant 
material and not hemoglobin itself. The aim of the following experiments was 
to eliminate this possibility. 
Ten ml. of a solution of hemoglobin 2 X  C in mixed phosphate buffer 0.05 
pH 7.5 was repeatedly dialyzed at 0°C. against large volumes of the same buffer. 
There was no loss of antibacterial activity from the sac contents. 
A I0 mg./ml, solution of hemoglobin in 0.05 M mixed phosphate pH 7.5 was 
incubated at 37°C. for I hour with crystalline  salt-free trypsin (Worthington 
Biochemical Corp.,  Freehold, New Jersey); a  similar  solution in 0.02  ~¢ HCI 
was incubated with pepsin (Cudahy Packing Co., New York City). On subse- 
quent testing with/~, coli KI2 neither of the samples treated with proteolytic 
enzymes showed any antibacterial activity at a  concentration of I00/~g./ml. 
either before or after dialysis against large volumes of acid or phosphate. Con- 
trol samples in phosphate or acid, incubated for the same length of time showed 
the expected order of activity before and after dialysis. The addition of trypsin 
or pepsin directly to the standard test system had no effect on the bactericidal 
action of hemoglobin. 
Two specimens of purified undenatured globin prepared from horse hemoglo- 
bin by the method of Anson and Mirsky (7) were kindly provided by Dr. A. 
Mirsky.  Both  samples were free from heine  pigment.  These  globin samples 
manifested bactericidal activity only slightly less than  that  of the standard 
hemoglobin.  Final concentrations of 0.4 #g./ml. of globin brought about killing 
of more than 50 per cent of/~. coli KI2 in CAC buffer in 1 hour at 38°C. The 
antibacterial activity of hemoglobin thus seemed to reside in the globin moiety 
of the molecule, and was not affected by combination with heine.  Since globin 
is particularly rich in histidine and horse globin has 6 terminal valine groups (8), DEREK HOBSON AND JAMES G. HIRSCH  175 
the antibacterial activity of these amino acids was tested. Concentrations of 1 
mg./ml, of valine or histidine showed no inhibition of E. coli K12. 
Also of interest was the fact that globin or hemoglobin denatured by expo- 
sure to dilute acid (0.02 N HC1) or to acid alcohol (50 per cent ethanol-0.05 N 
HCI)  showed bactericidal activity on coliform microorganisms identical with 
that of the corresponding native proteins. 
More conclusive evidence that the antibacterial activity was due to hemo- 
globin per se was obtained from investigations with pure preparations of human 
hemoglobins A, C, H, and E  isolated by starch-block electrophoresis (9), and 
TABLE IX 
The  Activily  of  Various  Hemoglobins  and  Hemoglobin  Derivatives 
Minimum concentration 
Material  of hemoglobin  for 
50 per cent killing 
0.4  Horse globin  ................................................. 
Human hemoglobin  A ......................................... 
C  ......................................... 
E  ......................................... 
H ......................................... 
Hemoglobin C-haptoglobin complex  ............................ 
Bovine hemoglobin 
Bovine hemoglobin  mixed with serum electrophoresis 
fractions (3/~g./ml. protein)  t iiiii i!iii 
Rabbit hemoglobin  ............................................ 
Mouse hemoglobin  ............................................ 
Rat hemoglobin  ............................................... 
Guinea pig hemoglobin  ........................................ 
0.02 
0.02 
0.02 
0.02 
>2S 
0.1 
0,1 
O.1 
>2.5 
0.02 
0.1 
0.02 
0.02 
generously provided by Dr. H. G. Kunkel. The samples (approximate concen- 
tration 0.5 mg./ml.) were diluted 1 in 1000 in CAC buffer, and serial twofold 
dilutions made through 7 tubes for microbiological assay. The results are re- 
corded in Table IX. The 50 per cent killing concentration was the same (ap- 
proximately 0.02 pg./ml.)  for each of the four genetically different types of 
hemoglobin. Hemoglobin 2 X  C titrated in parallel with these samples produced 
50 per cent killing at a concentration of 0.1 pg./ml. 
It is known that hemoglobin is firmly bound by a serum protein, haptoglobin 
(10), a  mucoprotein present in the a2-globulin fraction. When hemoglobin is 
mixed with serum rich in haptoglobin, and the serum subsequently fractionated 
by electrophoresis, the normal as-component is diminished and a new compo- 
nent appears between as and/5. This component is a firm complex of haptoglo- 
bin and hemoglobin; only hemoglobin in excess of the haptoglobin-combining 
capacity of the serum appears in the normal t-zone. A  sample of hemoglobin 176  ANTIBACTERIAL ACTMT¥  OF IIEMOGLOBII~ 
C-haptoglobin complex free from uncombined hemoglobin (kindly provided by 
Dr. E. Franklin) and uncombined hemoglobin C were compared. Free hemoglo- 
bin C had the expected bactericidal activity at a  concentration of 0.02 #g./ml., 
but  the hemoglobin-haptoglobin complex had  no  action on E.  coli  K12  at  a 
concentration of 25 #g./ml. 
Hemoglobin A, C, E, and H  diluted in CAC buffer had a  range of activity 
against Gram-negative organisms similar to that of bovine hemoglobin 2  X  C; 
they also showed loss of activity when tested in 0.1 ~  citrate buffer. 
Pure  al-, o~2-, and  /~-fractions  of  human  serum  obtained  by  starch-block 
electrophoresis were  kindly provided by Dr.  A.  Beam.  The  serum  was com- 
pletely free  of hemolysis, and  thus  the as-fraction would be  expected  to  be 
rich  in free uncombined  haptoglobin. 
These samples had been eluted from the starch block with CAC buffer, and for microbio- 
logical assay each sample was further diluted to an approximate concentration of 3.0 #g./ml. 
in CAC buffer. Serial dilutions of hemoglobin 2 X  C from 2.5 to 0.03 #g./ml. were made in each 
protein solution and in CAC buffer, and were preincubated at 380C. for 1 hour. After this time, 
the standard inoculum of g-. coli K12 in CAC was added and incubation was continued for 
1 hour. 
The results (Table IX) show that the at- and r-fractions did not affect the 
antibacterial activity of hemoglobin in  these  concentrations;  in  the presence 
of the  a~-fraction,  however,  the  inhibitory effect of hemoglobin was  greatly 
reduced. 
Experiments  reported above showed  that  bovine  and  human  hemoglobins 
had similar antibacterial properties. Hemoglobin solutions from washed red cell 
suspensions of other animals were prepared as follows. 
Citrated blood was centrifuged and the red cells were washed once with citrated saline and 
then twice with physiological saline. Ten volumes of distilled water were then added to the 
packed erythrocytes to bring about laking.  Stromata were removed by spinning  at 10,000 
R.P.m These hemoglobin solutions were stored at 0-4°C., and were diluted in CAC buffer to 
the working range of concentrations as required for testing. 
The results in Table IX indicate that hemoglobin preparations from various 
mammals were all quite active in killing coliform bacteria. 
The Adsorption of Hemoglobin Activity.-- 
Penassay agar slant cultures of E. coli K12 were collected in CAC buffer, washed 3 times in 
the same buffer, and finally suspended at an approximate concentration of 5 X  10  t° bacte- 
ria/ml.; the suspension was killed by heating at 56°C. for 90 minutes. Three ml. of the bacterial 
suspension was centrifuged in a small plastic tube at 10,000 R.P.M. for 10 minutes and the super- 
natant decanted. To the drained bacterial button, 2 ml. of hemoglobin 100 #g./ml. in CAC 
was added and mixed thoroughly by pipetting. This tube and a similar tube of hemoglobin 
without bacteria were incubated at 38  ° for 1 hour with occasional shaking.  Both samples 
were then centrifuged twice at 10,000R.P.M. for 10 minutes and the supematant fluids dialyzed 
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The drained bacterial button used for adsorption was resuspended in 1 ml. 0.02 N HCI and 
incubated at 38°C. for 20 minutes. After centrffugation, the supematant was dialyzed against 
three large volumes of HC1. The bacterial button was similarly treated with two further ali- 
quots of acid. 
After dialysis all the samples were serially diluted in CAC buffer (0.02 N HCI diluted be- 
yond 1/5 in CAC had no significant effect on pH or on bacterial survival). 
The results (Table X) show that hemoglobin incubated with killed bacteria 
lost antibacterial activity; the high speed centrifugation and dialysis reduce the 
possibility that bacterial  products could be carried over to the bactericidal  test 
system and cause interference.  Adsorption of hemoglobin by the bacteria under 
these conditions is substantiated by elution of significant antibacterial activity 
from the button with dilute acid. 
TABLE X 
The Adsorption of Antibacterial Activity flora Hemoglobin Sdutions by Killed Bacteria 
Sample 
Hemoglobin control 
Hemoglobin adsorbed with killed bacteria 
Dilution for 50 per cent 
kilnns 
1/1280 (0.1 ~g./ml.) 
1/40 
(ast[  x/320 
Eluates  of bacterial  button  used  for  J2nd [  1/80 
adsorption  t3rd  I  1/20 
Concentmtlon of 
active material in 
terms of original 
concentration of 
hemoglobin 
lOO 
25 
6 
1 
Antagonism of Hemoglobin Bactericidal  A aidty by Various Agents.- 
The effect  of addition of various polysaccharides on the bactericidal  action 
of hemoglobin is shown in Table XI. The most effective antagonist was heparin 
although bacterial  lipopolysaccharide in low concentrations also blocked the 
antibacterial effect of hemoglobin. Chondroitin sulfate and yeast nucleic acid 
manifested but little  antagonistic action. 
Various other substances were added to the test system to observe possible 
influence  on the bactericidal  action of hemoglobin. The results are  also pre- 
sented in Table XI.  It can be seen that spermine and protamine were markedly 
antagonistic to hemoglobin, but lysozyme had no such action. Reducing agents 
had no effect on hemoglobin activity. 
The effect of a divalent cation, magnesium, on hemoglobin activity was in- 
vestigated as follows:-- 
Serial dilutions of magnesium  sulfate and of sodium  chloride were made  in  CAC buffer 
and in 0.2 ionic strength acetate buffer so as to give final concentrations of added salt ranging 178  ANTIBACTERIAL  ACTIVITY OF HEMOGLOBIN 
TABLE XI 
The Effect of Various Added Materials on Hemoglobin  Acti~ty 
Minimum concentration 
Added material (final concentration 1/~g./mL)  of hemoglobin for 
50 per cent killing 
coll ........................... 
Bacterial  lipopolysaccharides  S  E.  raarcescens ..................... 
Heparin ..................................................... 
Chondroifin sulphate .......................................... 
Yeast nucleic acids ............................................ 
Spermine ...............................................  : .... 
Thymus peptide .............................................. 
Protamine ................................................... 
Lysozyme ........  ~  ........................................... 
I  ....................................... 
Cohnserumfractions  .';2222222222222222222222222222222111 
Crystalline bovine albumin ..................................... 
Histidlne ..................................................... 
Valine ....................................................... 
Methionine .................................................. 
Na thioglycollate ............................................. 
1,2-propanedi~mlne ........................................... 
~g./ml. 
0.6 
0.6 
>2.5 
0.1 
0.3 
>2.5 
2.5 
1.25 
0.1 
0.1 
0.1 
0.1 
0.1 
0.03 
0.1 
0.1 
0.1 
0.1 
2.5 
TABLE  XH 
T~ Anlagonistl¢ Effect of Magnesium on Hemoglobin  Activity 
Final concentration 
of salt added 
(molarity) 
0.025 
0.012 
0.006 
0.003 
0.0015 
0.0007 
0.0004 
0.0002 
0.0001 
0 
percentage of bacteria killed by 2.0 ~,gJml. hemoglobin in: 
CAC buffer containing 
MgSO4  NaCI 
0  9O 
0  95 
0  100 
0  100 
0  100 
0  100 
4O  100 
80  100 
9O  100 
Acetate buffer pH 5.0 containing 
MgsO, 
0 
0 
0 
0 
0 
0 
0 
0 
0 
NaC1 
20 
80 
100 
100 
100 
100 
100 
i00 
100 DEREK  HOBSON AND  JAMES  G.  HIRSCH  179 
from 0.025 xt to 0.0001 5. To each of these dilutions, and to control cups containing buffer 
alone, hemoglobin was then added in a  final concentration of 2.0 #g./ml.  (approximately 20 
times the concentration required for 50 per cent killing in the standard test). The standard 
inoculum of E. coli K12 was then added and the bactericidal test was completed in the usual 
fashion. 
The results, presented in Table XII, show that the bactericidal activity of 
hemoglobin was completely reversed in acetate buffer by the presence of even 
trace amounts (0.0001 ~) of magnesium sulfate, while in CAC buffer 0.0004 ~¢ 
magnesium sulfate neutralized the effect of 2 #g./ml. hemoglobin.  In contrast, 
0.025 M sodium chloride exerted no antagonistic effect in CAC buffer, and only 
partially reversed the activity of hemoglobin in acetate buffer. These results 
indicate that magnesium ions exert an antagonistic effect on the bactericidal 
activity of hemoglobin over and  above that  expected on the basis of ionic 
strength alone. 
DISCUSSION 
The antibacterial activity of hemoglobin is marked, but is restricted to a pre- 
cise set of conditions in vitro. At first sight it seems unlikely that it can play any 
significant  role in the course of infections by Gram-negative bacteria in  the 
biochemical environment of tissues. It is possible,  of course, that some of the 
restrictions would not apply in  vivo,  when microorganisms  could come into 
contact with hemoglobin freshly liberated into the infective lesion. 
The demonstration of a specific reaction between bacterial components and 
hemoglobin,  not shared by other basic proteins, is of interest per se for the in- 
sight it may give into the nature and composition of the surface of Enterobac- 
teriaceae. The reactions which take place at the bacterial surface, and  their 
significance in relation to cell viability are still not fully understood. 
The reaction is clearly bactericidal, and appears to be the result of a direct 
combination between hemoglobin and some bacterial component, rather than 
a competitive removal by hemoglobin of some essential bacterial metabolite in 
the medium. Bacteria incubated with hemoglobin in buffer fail to grow when 
agar is added subsequently, whereas similar concentrations of hemoglobin have 
no inhibitory action when incorporated in agar simultaneously with the inocu- 
lation of bacteria. The degree of hemoglobin activity depends on the tempera- 
ture and time of incubation with bacteria before agar is added. When the final 
concentration of hemoglobin in the incubated mixtures is greatly reduced as 
in plating-out methods of bacterial counting, the number of viable organisms 
recovered is no greater than in the standard cup method. Under the conditions 
employed for bactericidal testing, hemoglobin is adsorbed to and may be eluted 
from susceptible bacterial cells. 
The reaction is probably a surface phenomenon; in view of the large size of 
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brane followed by a reaction within the cytoplasm. Surface-active agents such 
as polymyxin (11) and quaternary ammonium compounds (12) are believed to 
act by forming a unimolecular film on or within the bacterial wall by combina- 
tion with oppositely  charged  groups  on the bacterial surface;  following this 
combination, the osmotic integrity of the cell is destroyed, and the cell dies as a 
result of gross dilution of intracellular components into the environment. Since 
globin is known to be particularly effective in reducing surface tension of solu- 
tions (8), its mechanism of action on bacteria may be similar to that of other 
wetting agents. The lack of relationship between size of the bacterial inoculum 
and the concentration of hemoglobin required  for 50 per cent killing suggests, 
however, that the mechanism of action is more complicated  than simple com- 
bination of hemoglobin with the cell surface. Considered along with the kinetics 
of the killing  reaction,  the phenomenon presents many features typical of a 
catalytic process. 
It is probable  that hemoglobin, which is a basic substance,  becomes bound 
to the cell surface by combination with acid groups of bacterial polysaccharides. 
Small concentrations of E. coli polysaccharide prevent the antibacterial activ- 
ity of hemoglobin. It is of interest that the isolated polysaccharide  of S. mar- 
cescens is equally effective as an inhibitor though the organism itself is not sen- 
sitive to hemoglobin; susceptibility may be determined by surface configuration 
rather than by presence of a material capable of combination with hemoglobin. 
The activity of hemoglobin can be inhibited by other acid polysaccharides, but 
there appears  to be some specificity in this effect, e.g.  heparin is much more 
active than chondroitin sulfate, suggesting that the combination of hemoglobin 
with bacteria is not merely an acid-base reaction. 
Certain basic materials can also prevent hemoglobin activity, presumably by 
competing with hemoglobin for acid sites on the bacterial surface. Here again 
there is a certain degree of specificity since lysozyme is far less effective than 
spermine in inhibiting hemoglobin activity. 
The sensitivity of bacteria to hemoglobin is markedly affected by the ionic 
strength and pH of the buffer system used for the bactericidal  assay. It seems 
probable  that these factors influence the combination of hemoglobin with bac- 
teria rather than the fate of bacteria after uptake of hemoglobin, though this 
requires further investigation. 
The evidence available suggests that certain metal ions have a striking influ- 
ence on the antibacterial effect of hemoglobin. For example, the bacteria must 
be manipulated in media possessing chelating power to preserve their suscepti- 
bility to killing by hemoglobin. Also, it has been demonstrated that the pres- 
ence of even trace concentrations  of unbound magnesium ions in the test system 
reverses the bactericidal  action. Perhaps certain divalent cations can compete 
with hemoglobin for acid receptor  sites on the surface of the microorganisms, 
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The experiments described above show that  the antibacterial  activity is a 
property of globin, not of the heine moiety, and that the group of the protein 
molecule which combines with bacteria must be different from the imidazole 
rings concerned in linkage to heine. The bactericidal property of globin does not 
appear to be related directly to its unusually high content of histidine,  nor the 
large number of valine groups in certain species (8). 
The antibacterial activity of both human and bovine hemoglobin is lost after 
mixture  with  the a,  fraction  of serum proteins,  which is known  to contain 
haptoglobin,  a  mucoglobulin capable of forming complexes  with hemoglobin 
(10).  The inactivity of electrophoretically separated haptoglobin-hemoglobin 
complexes in contrast with the high activity of free hemoglobin obtained by the 
same method is strong evidence that the activity is in fact due to hemoglobin 
rather than to any trace contaminant factor. Haptoglobin appears to block the 
reactive part of the hemoglobin molecule capable of combining with the bac- 
terial substrate; however, little is known to date of the structure and nature of 
the haptoglobin-hemoglobin  complex.  In  recent  reports  by Thulin  (13,  14) 
preparations  of hemoglobin were said to have agglutinating  activity against 
Gram-positive bacteria, and this activity was apparently a function of globin; 
the activity of hemoglobin in these experiments could be inhibited by a serum 
factor, the concentration of which was increased in pregnancy and rheumatoid 
arthritis.  Since haptoglobin levels in human plasma are known to be raised in 
a variety of diseases, Thulin's observations may be analogous to those reported 
in this communication. 
The mode of action of hemoglobin requires further study. There was no evi- 
dence that exposure of bacteria to hemoglobin caused any gross change in the 
cell wall; none of the treated cells was transformed into the type of protoplast 
seen as a result of phagocytin or lysozyme activity under certain conditions (15). 
There appeared to be no obvious agglutination  of large bacterial inocula by 
hemoglobin. 
The only other tissue proteins with bactericidal activity on the Enterobac- 
teriaceae are the properdin system (4) and phagocytin (16, 17). Properdin re- 
quires  complement  and  magnesium  ions  for  its  bactericidal  activity  while 
hemoglobin acts in the absence of complement and is inhibited by the presence 
of free  magnesium.  In  addition,  certain  strains  of  organisms  known  to  be 
properdin-resistant  are susceptible to hemoglobin.  The bactericidal activities 
of hemoglobin and phagocytin are similar  in terms of the spectrum of microor- 
ganisms affected, the conditions required for bacterial killing,  the kinetic fea- 
tures, and the pattern of antagonistic substances. There are, however, notable 
differences.  For example, Shigella and Kle.bsidla strains are apparently killed 
by phagocytin but not by hemoglobin; phagocytin retains bactericidal power 
under conditions of ionic  concentration and pH which prevent the action of 
hemoglobin; and finally the distribution of these substances in tissues is obvi- 
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SUMMARY 
Low concentrations of hemoglobin (0.1 #g./ml. or less) exert a lethal action 
on some Gram-negative bacteria under certain conditions in dtro. Hemoglobins 
from various mammals and the distinct genetic types of human hemoglobin all 
manifest  similar bactericidal activity. 
The bactericidal effect is a  function of the globin moiety of the molecule; 
native  and  acid  or acid-alcohol denatured  globins have  the  same  degree  of 
activity. 
Hemoglobins kill enterobacteriaceae only under precisely controlled condi- 
tions. The test medium must be low in ionic concentration and acid in reaction. 
Various strains of Escherichia and Salmondla are susceptible to the lethal effect 
of hemoglobin, while the few strains of Shlgella, Klebsiella,  and Proteus exam- 
ined were resistant. 
Certain acid polysaccharides and basic amines or proteins block the bacteri- 
cidal effect when incorporated in the test in low concentration. Present evidence 
also suggests  that exposure of the microorganisms to certain cations such as 
magnesium renders them resistant to the lethal action of globin. Hemoglobin 
loses  its  bactericidal  power  when  complexed with  haptoglobin,  and  serum 
fractions rich in free haptoglobin protect otherwise susceptible bacteria from 
killing by hemoglobin. 
The reaction appears to be a  bactericidal rather than a  bacteriostatic one. 
At 38°C. maximal killing requires approximately 30 minutes; at temperatures 
of 28  °  C.  or 0°C.  the bactericidal action does not  take  place.  The minimal 
concentration of hemoglobin required to kill 50 per cent of the microorganisms 
in the test is unrelated to the size of the bacterial inoculum. 
Under  conditions  suitable  for bactericidal action,  hemoglobin is  adsorbed 
onto heat-killed susceptible  strains  of coliform bacteria; material possessing 
bactericidal activity can be eluted with dilute mineral acid. 
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